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A B S T R A C T
In the present work, a methodology for modeling ﬂow behavior inside the fuel injector holes is applied to a
number of cases with diﬀerent geometries and ﬂow conditions. After assessment of the approach results through
various experimental studies looking into the ﬂows behavior inside the diesel nozzles, two series of analyses are
deﬁned. In the ﬁrst study, the eﬀect of inlet pressure is investigated by using a series of diﬀerent rail pressures in
both numerical and experimental tests in a single hole industrial injector. Results show a non-cavitating ﬂow and
an approximately linear increase of the velocity, turbulence kinetic energy, and turbulence dissipation energy
with the increase of pressure diﬀerence and linear increase of the mass ﬂow rate with the square root of the
pressure diﬀerence in this nozzle. The second study is related to the eﬀect of hole geometry on injector per-
formance. The eﬀects of entrance edge rounding and the tube conicity factor are investigated by changing these
parameters in a series of geometries from an industrial diesel nozzle. Results show that cavitation occurs in the
geometries with a sharper edge and low conicity. The role of the cavitation in emerging ﬂow properties is
emphasized in the values of the injector discharge factor and the turbulence properties. The results of this work
can be used in the simulation of the primary breakup of fuel spray, and this approach is useful for design and
optimization of the injectors for industrial sectors.
1. Introduction
Diesel engines in the modern automotive market are still the best
choice for a broad range of applications. Over the past years, advanced
injection technologies with higher injection pressure have oﬀered a
compromise between emission reduction and fuel consumption which
was estimated by Mahr [1] and Baumgarten [2]. A recent report by
Morgan et al. [3] has indicated that this approach is still attractive for
future diesel engine concepts by using advance techniques as well as
injection shaping [4,5]. The eﬀects of injector hole geometry in the
primary breakup of high-pressure sprays have been emphasized in
several investigations. Schmidt and Corradini [6] have shown that ca-
vitation in an injector causes signiﬁcant initial disturbances that ac-
celerate the breakup process. Cavitating nozzles are expected to gen-
erate the most rapid breakup whereas single phase ﬂow relies mostly on
turbulent ﬂuctuations produced in them, creating moderate initial
disturbances. Desantes et al. [7] have shown that the presence of ca-
vitation in the nozzle exit improves the turbulence intensity in the spray
as well as the atomization and mixing process. Their experimental in-
vestigations have shown that in inlet/outlet pressure conditions with
cavitation inside the nozzle, the fuel jet cone angle increases. Owing to
their test conditions, they could not separate the role of cavitation from
the eﬀect of fuel pressure. Also fuel temperature could aﬀect the fuel
spray characteristics as it considered in several studies like Salvador
et al. [8] and Payri et al. [9] work.
As shown by several studies, e.g. Hulkkonen et al. [10]; Salvador
et al. [11–13], Wang et al. [14] nozzle characteristics may aﬀect ca-
vitation development. Experimental tests on the behavior of the ﬂow
inside the real size cases are diﬃcult, due to their tiny dimensions (on
the order of a 100-micron diameter for injector hole), high-pressure
gradients, and fast transient processes, thus imposing limitations on
some studies such as Winklhofer et al. [15]. Several kinds of research
like Pratama et al. [16] in recent years have attempted to use scaled-up
experimental geometries, but despite their valuable achievements,
scaling does not seem to be entirely applicable to real size injectors.
Finding a fast, economical, and reliable numerical tool for estimation of
ﬂow behavior inside the injectors, as reﬂected by Battistoni et al. [17],
Bicer and Sou [18], and Brusiani et al.[19], is desired for both academic
and industrial purposes. To this end, a Homogeneous Equilibrium
Model implemented in the OpenFOAM package [20] has been selected,
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and its validity for diesel nozzles has been examined for three diﬀerent
cases. In the ﬁrst part, experimental tests for a scaled-up two-dimen-
sional geometry are undertaken, and simulations outputs are compared
with published experimental results by Pratama et al. [16]. In the
second study, this methodology is examined in the simulation of two
single hole diesel injectors, with diﬀerent geometrical characteristics
(Spray C and D), from Engine Combustion Network (ECN) [21]. The
compatibility of our method with real size injectors in cavitating and
non-cavitating regimes is projected in this analysis. The third study
focuses on an actual size industrial single nozzle diesel injector. Eﬀects
of injection rail pressure on nozzle performance are investigated both
numerically and experimentally. Then, the eﬀects of geometrical
parameters such as inlet edge rounding and the conicity factor on ﬂow
behavior are analyzed.
Nozzle conicity and inlet edge rounding are the two main geome-
trical parameters on the injector performance. Usually, the amount of
conicity of the tube is deﬁned by the conical factor:
= −k d d
10
in out
(1)
where din and dout are inlet and outlet diameters of the nozzle.
Cylindrical tubes produce intense cavitation and also increase spray
breakup with a signiﬁcant spray divergence near the outlet. However,
axisymmetric conical geometry suppresses cavitation by gradually re-
ducing the eﬀective cross-sectional area of the nozzle [2]. A comparison
between a cylindrical layout ( =k 0) and conventional diesel injectors
( =k 1.1 to 2) shows the inﬂuence of this parameter on the nozzle
performance, e.g. the amounts of injection rate, fuel velocity, cavitation
and turbulence at the outlet as presented by Brusiani et al. [19].
Another important parameter in the ﬂuid behavior inside the in-
jector is the eﬀect of the hole entrance edge. In sharp corners,
streamlines cannot follow the sudden changes in geometry direction.
Subsequently, the extraction of streamlines, the separation of ﬂow close
to the wall, and the generation of strong vorticities become possible.
Thus, a suitable condition is available for reducing pressure up to the
saturation pressure and the cavitation regime developing. Today, in
new diesel injectors, nozzle inlets are usually rounded to improve in-
ﬂow conditions and remove the unwanted erosion during the injectors
working life which gradually changes the spray characteristics. As an
example, ks nozzle technology combines the conical and ﬂow-optimized
geometries, where the reduction of the cross section area depends on
the distribution of the mass ﬂow suppressing any possible cavitation
[2].
In the second case study of the present work, the diﬀerence of two
geometries, speciﬁcally their conicity and edge rounding, produce hu-
gely contrasting results. Furthermore, the third study, into realizing the
eﬀect of these two parameters, presents an extensive investigation with
customized geometries.
For preparing computational grid, blockMesh mesh generation uti-
lity, supplied with OpenFOAM is used. The blockMesh utility creates
parametric meshes with grading and curved edges. The principle be-
hind this utility is to decompose the domain geometry into a set of 1 or
more three dimensional, hexahedral blocks [20].
2. Theoretical aspects of the method
Two main approaches are used for modeling two-phase cavitating
ﬂows: two ﬂuid ﬂow models treating the liquid and vapor separately on
the one hand and continuum ﬂow methods containing a homogeneous
mixture of liquid and vapor on the other. In continuum ﬂow methods,
an equation of state helps to deﬁne the phase changing and cavitation
growth. In this work, a homogeneous equilibrium model (HEM) which
is suggested by previous works, e.g. Salvador et al. [11]; Schmidt and
Corradini [6], is used to capture cavitation growth. The liquid and
vapor phases are assumed to be mixed perfectly in each cell while also
considering the compressibility of both phases. Likewise, pressure and
density are related to each other with a barotropic equation of state as:
=Dρ
Dt
Dp
Dt
Ψ (2)
in which Ψ is the compressibility of the mixture and is deﬁned as the
inverse squared sound speed as = aΨ 1/ 2.
The equation of state should be consistent with the liquid and vapor
equations of state when only one phase is present and also at inter-
mediate states when there is a mixture of them. Both phases can be
deﬁned with a linear equation of state:
=ρ pΨ ·v v (3)
= +ρ ρ pΨ ·l l l
0 (4)
To compute the amount of vapor in the mixture, γ is deﬁned as:
=
−
−
γ
ρ ρ
ρ ρ
lsat
vsat lsat (5)
where =ρ pΨ ·vsat v sat . It could be observed that in a ﬂow without cavi-
tation =γ 0, whereas for a fully cavitated ﬂow =γ 1. The mixtures
density is calculated with Eq. (6), taking into the account vapors
amount in the ﬂuid (γ) together with a correction term based on the
pressure (the mixtures equilibrium equation of state).
= + − + − = − + + − −
+
ρ γ ρ γ ρ p p γ ρ γ γ
p p
· (1 )· Ψ( ) (1 )· [( ·Ψ (1 )·Ψ) Ψ]·
Ψ·
v l sat l v l
sat
0
(6)
In Eq. (6), the liquid density at a given temperature condition is
deﬁned as = −ρ ρ pΨ ·l lsat l sat
0 . As far as the mixtures compressibility is
concerned, it is modeled by a simple linear formula:
= + −γ γΨ ·Ψ (1 )·Ψv l (7)
in which Ψl is the compressibility of the liquid. Despite this, there are
models describing the compressibility of the mixture in a more physical
way, as well as studies focusing on compressibility eﬀect [22] but a
linear formula is chosen in this work due to the stability and con-
vergence advantages. As for compressibility, it is possible to obtain the
viscosity of the mixture through a linear equation:
= + −μ γ μ γ μ· (1 )·v l (8)
The methodology used by the solver starts by solving the continuity
equation for ρ:
∂
∂
+ ∇ =ρ
t
ρ u( . ) 0 (9)
The value obtained for ρ is used to determine preliminary values for
γ and Ψ by using Eqs. (5) and (7), and also solving the momentum
equation (Eq. (10)) from which the matrix is derived which allows the
velocity u to be calculated:
∂
∂
+ ∇ = −∇ + ∇ ∇ρ u
t
ρ u u p μ u( · ) ( . . ) ( · )f (10)
Convection terms in both mass and momentum conservation equa-
tions are discretized by using the Gauss theorem with an upwind
scheme. This selection provides a stable simulation in the presence of
large pressure and density gradients, despite the fact that ﬁrst-order
schemes are known to increase numerical diﬀusion when the mesh
resolution is reduced. Concerning the diﬀusion terms, the non-ortho-
gonal part of the gradient is included due to the relatively low mesh
non-orthogonality for the conﬁgurations tested in this work, as re-
commended by Jasak [23] and Salvador et al. [11]. An iterative PISO
algorithm is used to solve for p and correct the velocity to achieve
continuity. The equation solved within the PISO loop is the continuity
equation transformed into a pressure equation by using the equation of
state (Eq. (6)):
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t
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p
t
ρ u(Ψ· ) ( (Ψ Ψ)· )· ( ) · Ψ ( . ) 0l l v sat sat
0
(11)
Once continuity has been reached, the properties ρ γ, and Ψ will be
updated by use of Eqs. (5)–(7). Respectively these values will be ac-
commodated to solve momentum equation again, and so, repeating the
algorithm until reaching desired convergence.
The adjustable time step is limited by both the Courant number and
the acoustic Courant number, deﬁned as:
= ⎛
⎝
⎞
⎠
Co max u
x
t| |
Δ
Δ
(12)
⎜ ⎟= ⎛
⎝
⎞
⎠
Co max
x
t1
ΨΔ
Δacoustic
(13)
Selecting the maximum Courant number is a compromise between
accuracy of the results and computational costs. As shown in Eq. (12),
the time step decreases along with the Courant number reduction, so if
this parameter is low, the computational cost can increase considerably.
However, if the Courant number is suﬃciently high, the accuracy of the
numerical outcome provided by the code can get worse. The same
consideration is also valid for the acoustic Courant number relating to
the propagation of pressure waves in compressible ﬂows as explained
by Versteeg and Malalasekera [24].
2.1. Turbulence modeling
Due to the presence of solid boundaries and also small dimensions,
the ﬂow behavior and turbulence structure are diﬀerent from free
turbulent ﬂows. In particular, the Reynolds number is always very
large. This implies that the inertia forces are immensely greater than
the viscous forces at these scales. Menter [25] has noticed that results
from the −k ε method are much less sensitive to the arbitrarily assumed
values in the free stream, but the near-wall performance is un-
satisfactory for boundary layers with adverse pressure gradients. This
idea led to a hybrid method called −kω SST using a transformation from
the −k ε model into −k ω in the near-wall region and the standard model
in the fully turbulent region far from the wall. In fact −kω SST model
uses the beneﬁts of −k ε stability in free stream, and removes its weak
performance for boundary layers with adverse pressure gradient with
shifting to −k ω model close to the wall and using blending functions.
After checking the −k ε for some simulations and facing diﬃculties in
simulation convergence and stability, due to the performance of the
−kω SST method and its beneﬁts for simulating internal ﬂows with high
Reynolds numbers and adverse pressure regimes [24], this scheme was
selected for the current work. Also previous studies by Bicer et al. [18]
and Salvador et al. [11] suggested the same scheme for these working
conditions.
3. Studied geometries and experimental setup
As discussed before, this work uses three diﬀerent geometries. In the
ﬁrst study, the capability of the solver in capturing the cavitation re-
gime inside the injector is examined by experimental results from a
scaled-up nozzle by Pratama et al. [16]. In the second study, the fuel
behavior inside two single hole diesel injectors (Spray C and D) is si-
mulated, and the outcomes are compared with ECN [21] results. After
these studies, we focus on an industrial single nozzle diesel injector and
compare its results with those from experimental tests. The geometry of
the model is provided by the industrial partner with a similar pattern to
the experimental case. This analysis is used to check the validity of our
approach in diﬀerent working conditions. Each analysis and its results
will be described in the following.
3.1. First case study: Scaled-up two-dimensional transparent geometry
As mentioned earlier, because of the small real size of modern in-
jectors, visualizing the cavitation regime and ﬂow characteristics inside
the nozzle is technically diﬃcult. Accordingly, most of the visual stu-
dies use scaled-up transparent geometries. Pratama et al. [16] deﬁne a
series of scaled-up two-dimensional geometries to evaluate the eﬀect of
some shape parameters on ﬂow behavior. These scaled-up shapes are
intended to maintain some regular features of the injectors and visua-
lize the inﬂow behavior. Fig. 1 shows a scheme of a multi-hole diesel
injector and the scaled-up transparent sector which is deﬁned from the
hole and sac area. In the current article, this experimental geometry and
its test conditions are used for understanding the capability of our
methodology to capture the cavitation regime inside the nozzle. Sui-
table boundary conditions ought to be imposed to ensure convergence
and the accuracy of the simulations. The total pressure boundary con-
dition is set at the inlet with values varying from 2 to 7 bar to ﬁnd the
outlet mean velocities in the range of the experimental results. A ﬁxed
1 bar pressure is used at the outlet. The no-slip condition is imposed at
the wall boundaries where wall functions were applied. The thermo-
physical properties of water in the liquid and vapor phases are used to
be consistent with those in the laboratory tests. Table 1 shows the initial
conditions for the analysis. The grid properties and wall distance in this
table are calculated for a simulation where the inlet pressure equals
6.5 bar.
The studied geometry as well as the quality of the computational
grid is shown in Fig. 2. The nozzle is 1 mm wide, similar to the ex-
perimental case.
3.2. Second case study: Spray C and Spray D from ECN
To evaluate the validity of our method with experimental tests in
real-size nozzles, two geometries are selected as part of a collaboration
with the Engine Combustion Network (ECN). Spray C and D are single
hole diesel injectors, by standard Spray A from ECN, but mostly more
Fig. 1. Left: Scheme of a multi hole injector with a sac area; right: scheme of a scaled-up
two-dimensional transparent model for experimental studies.
Table 1
Case setup for a study with an inlet pressure equals to 6.5 bar.
Fluid type Water @ =T 300 K
Liquid density −(kg·m )3 1000
Vapor density −(kg·m )3 0.026
Liquid dynamic viscosity (Pa·s) 8e−4
Vapor dynamic viscosity (Pa·s) 9e−6
Saturation pressure (Pa) 4247.05
Liquid compressibility −(m ·s )2 2 4.4e−7
Vapor compressibility −(m ·s )2 2 4.38e−6
Number of cells 200,000
Cell type Structured hexahedral
+y ∼1.6
sΔ 1e−4
Re ∼90,000
Turbulence model k-omega, SST
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symmetrical and less aﬀected by manufacturing irregularities [21].
Their larger nominal diameter in comparison to the standard Spray A is
deﬁned for future research, with a transparent version of these shapes
to be manufactured.
Spray C has a cylindrical hole ( =k 0) and low edge rounding up to
5% due to a hydroerosion process. With this geometry and injection
pressure, cavitation forming inside the nozzle is expected. On the other
hand, Spray D has a conical factor equaling 1.5, and its hole edge has
been shaped with the hydroerosion process up to =C 0.86d in standard
ﬂow conditions as deﬁned by the manufacturer and ECN [21]. Cd is the
ratio of the actual discharge to the theoretical discharge and is called
discharge coeﬃcient. Unlike Spray C, cavitation forms more rarely in
this shape. Fig. 3 shows the tomography image of these nozzles along
with a graphical comparison of their patterns. For current work, geo-
metries are provided by ECN from measuring manufactured nozzles
used for experimental studies. Also simulation is just considering the
maximum needle lift condition of the nozzle and transient phases are
neglected.
The general speciﬁcations of these two geometries provided by ECN
[21] are presented in Table 2. For the simulation of the ﬂow inside
Sprays C and D, the thermophysical properties of n-Dodecane are re-
trieved from NIST database [26]. ECN [21] suggests a simpliﬁed geo-
metry via removing surface roughness and assumed symmetry. Due to
the symmetry of the shapes, simulations were done over a wedge shape
portion to reduce computational cost. The initial conditions and overall
near wall conditions are presented in Table 3. The geometry and a
sample of the mesh quality close to the nozzle throat are given in Fig. 4.
3.3. Third case study: Industrial single nozzle injector
In the third study, an industrial single hole injector with a ks pattern
is selected for both experimental and numerical investigations.
Laboratory results are used to validate the simulation outcome as well
as understanding the eﬀects of inlet and outlet pressure on nozzle
performance. A simpliﬁed model of this injector is used for simulations.
3.3.1. Eﬀects of inlet/outlet pressure
The original geometry is an example of an injector suggested by an
industrial partner for numerical modeling. Simulations are done in
twelve diﬀerent pressure setups (six diﬀerent values for inlet pressure
and two for diﬀerent outlet pressure values), and the results are com-
pared with experimental tests. This analysis is used to validate our
numerical approach with an original conﬁguration in a series of dif-
ferent working conditions. Additionally, this study is useful for under-
standing the eﬀect of injection pressure on nozzle performance.
In the experimental setup, following safety considerations, ISO4113
is selected as the working ﬂuid, so in our simulations into the eﬀects of
Fig. 2. Simulation geometry and sample of computational mesh.
Fig. 3. Tomography photography of Spray C and Spray D cut planes from [21]; comparison of the two geometries is highlighted on the right side.
Table 2
Spray C and D speciﬁcations from [21].
Parameter Spray C Spray D
Common rail fuel injector Bosch 3–22 Bosch 3–22
Fuel injector nominal diameter 200 micron 186 micron
Nozzle k factor 0 1.5
Nozzle shaping 5% Hydroerosion Hydroerosion to Cd = 0.86
Flow with 10MPa pressure
drop
200 −cc·min 1 228 −cc·min 1
Number of holes 1 1
Table 3
Case setup for Spray C and D studies.
Fluid Type n-Dodecane @ =T 363 K
Inlet Pressure (MPa) 150
Ambient Pressure (MPa) 6
Vapor sound speed −(m·s )1 134
Liquid Sound speed −(m·s )1 1044
Liquid saturation density −(kg·m )3 697
Vapor density −(kg·m )3 0.16
Saturation Pressure (Pa) 2567
Liquid dynamic viscosity (Pa·s) 8.36e−4
Vapor dynamic viscosity (Pa·s) 5.44e−6
Number of cells ∼20,000
Simulation geometry type 5 degree wedge
+y ∼0.5
sΔ ∼2.6e−7
Re ∼160,000
Turbulence model k-omega, SST
Fig. 4. Simulation geometry and sample of computational mesh for Spray C.
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inlet and outlet pressure, the thermophysical properties of ISO4113 by
Chorkazewski et al. [27] are applied. The case setup and initial con-
ditions are presented in Table 4. As some information regarding
ISO4113 is not available, the values not presented in [27] are assumed
according to the similarities between ISO4113 and n-Dodecane.
Fig. 5 shows the nozzle geometry, geometrical parameters, and a
sample of the computational grid in the throat. With an assumed ax-
isymmetric shape, a wedge section is used for simulations to reduce the
simulation cost.
3.3.2. Eﬀects of nozzle geometry
After comparing the numerical results with the experimental out-
comes, a brief analysis of the eﬀects of geometry characteristics is
performed. With the aim of understanding the role of inlet rounding
and nozzle conicity in injector performance, two series of geometries
from the original shape are deﬁned. In the ﬁrst analysis, six cases with
diﬀerent k factors from 0 to 2.5 and the ﬁxed inlet rounding set at 20
microns are modeled. After that, seven cases with diﬀerent nozzle inlets
(r) varying from 1 to 50 microns with a constant k set to 1.5 are ana-
lyzed. Fig. 5 shows the schematic for the shape parameters. This part of
the work considers the thermophysical properties of n-Dodecane.
Table 5 shows the case setup along with the initial conditions for
studying the role of hole conicity and edge rounding.
4. Simulations results: Presentation and discussion
In this part, the outcomes of the diﬀerent case studies are presented.
To have an estimation about processing time of this methodology,
simulation of Spray C by using a PC with Intel Core i7 Xeon Processor
3.5 GHz technology and 16 GB RAM, with parallel processing on 6 CPU
took around 50 h. For initiating the simulations, boundary conditions as
fuel common rail pressure and combustion chamber pressure are set for
initial values in inlet and outlet sector. Also, proper no slip conditions
are used for injector wall.
By running the simulation, physical parameters inside the domain
will be updated in each time step until reaching the ﬁnal state.
Maximum Courant number and acoustic Courant number are controlled
to prevent the divergence. For deﬁning the proper time for end of the
simulation, mass conservation is checked by checking the inlet and
outlet mass ﬂow rate from two aspects: ﬁrst due to the diﬀerence of the
mass ﬂow rate between inlet and outlet sector, and second the change
of the values in comparison to the previous time step. For the studies
which the cavitation clouds show ﬂuctuations and subsequently ﬂow
rate shows ﬂuctuations, simulations are continued until ﬁnding a per-
iodic behavior of the ﬂuctuations and satisfaction of the mass con-
servation in inlet/outlet average mass ﬂow rate. As an example, in
Fig. 6, results for mass ﬂow rate in inlet and outlet sector of a simula-
tion for Spray C wedge sector are presented.
4.1. Results for scaled-up, two dimensional geometry
Experimental measurements are reported as a function of the outlet
mean velocity. Inlet pressures are varied from 2 to 7 bar to obtain outlet
mean speeds similar to the experimental results. In the nozzle entrance
section, the occurrence of ﬂow separation, local vorticities, and re-
spectively pressure reduction is predictable because of the sharp, solid
edge and the sudden change in ﬂow direction. This pressure reduction
can reach the saturation pressure and develop a cavitation regime.
Fig. 7 shows a ﬂow ﬁeld inside the nozzle presented for analysis with a
5-bar inlet pressure at =t 0.05 s.
As reported in Pratama et al. [16] and Tahmasebi et al. [28,29], the
cavitation zone in this geometry is not steady, and the results show
some ﬂuctuating patterns and large cavitation clouds shedding at an
interval on the order of milliseconds. Fig. 8 displays the cavitation in-
side the studied nozzle for diﬀerent inlet pressures and consequently
distinct mean velocities at the outlet section. The cavitation regime is
visualized by illustrating the average vapor ratio over a period of
Table 4
Case setup and initial conditions for studying the eﬀect of inlet/outlet pressure.
Nozzle length (micron) ∼1100
Outlet diameter (micron) ∼205
k factor ∼1.5
Edge rounding (micron) ∼50
Inlet pressure (bar) 770, 970, 1160, 1360, 1560, 1760
Outlet pressure (bar) 30, 60
Fluid type ISO4113 @ =T 293 K
Vapor compressibility −(m ·s )2 2 5.54e−5
Liquid compressibility −(m ·s )2 2 5.39e−7
Liquid saturation density −(kg·m )3 825
Vapor density −(kg·m )3 0.16
Saturation Pressure (Pa) 6
Liquid dynamic viscosity (Pa·s) 3.74e−3
Vapor dynamic viscosity (Pa·s) 5.44e−6
Number of cells 19,500
Simulation geometry type 5 degree wedge
y+ ∼0.7
sΔ ∼4.5e−7
Re ∼23,000
Turbulence model k-omega, SST
Fig. 5. Schematic of the studied case: the left side
shows the injector nozzle and its needle, the center
image illustrates the ﬂow path inside the nozzle and
its dimensional parameters, while the right side
presents a part of the wedge grid in the hole en-
trance.
Table 5
Case setup and initial conditions for studying the eﬀect of nozzle geometry.
Nozzle length (micron) 1100
Outlet diameter (micron) 205
Inlet pressure (bar) 1500
Outlet pressure (bar) 60
Fluid type n-Dodecane @ =T 363 K
Number of cells ∼20,000
Simulation geometry type 5 degree wedge
+y ∼0.7
sΔ ∼4.5e−7
Re ∼140,000
Turbulence model k-omega, SST
Study parameter Nozzle conicity Inlet edge
k factor 0, 0.5, 1.0, 1.5, 2.0, 3.0 1.5
Edge rounding (micron) 20 1, 5, 10, 20, 30, 40, 50
E. Tahmasebi et al. Energy Conversion and Management 154 (2017) 46–55
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0.005 s at =t 0.05 s. Fig. 8 shows that increased inlet pressure ampliﬁes
the eﬀect of the entrance edge and expands the cavitation area inside
the hole. This phenomenon is to be considered in the design and ana-
lysis of modern injectors with a tendency to using higher rail pressures.
To ﬁnd a relation between the amount of cavitation inside the hole
and inlet pressure (or outlet velocity), we deﬁne the cavitation length
ratio as L L( / )c nozzle in which Lc is the farthest point of the cavitated
regime from the inlet. Also, Lnozzle is the total length of the nozzle. To
measure this parameter in simulation results, due to the lack of in-
formation about resolution of experimental images, Lc is measured for
the cavitation clouds with a vapor threshold equal to 10% ⩾γ( 0.1) and
1% ⩾γ( 0.01). A schematic of the vapor threshold is illustrated on the
left side of Fig. 8. In the cases with lower outlet mean velocities, the
amount of pressure inside the hole is higher than that of the saturation
condition, and accordingly, cavitation does not occur. In cases with
higher ﬂow velocity, the eﬀect of the ﬂow rotation in the sharp corner
and the injector throat have become dominant. Consequently, the ﬂuid
pressure decreases up to the saturation pressure which sets oﬀ cavita-
tion forming inside the nozzle. The length of the cavitation regime in-
creases in cases with higher mean velocities insofar as the cavitation
cloud reaches the outlet section.
According to the presence of the attached, semi-attached, and de-
tached bubbles inside the channel with cavitation, the behavior of the
ﬂow shows some ﬂuctuations. These ﬂuctuations are shown with error
bars in the experimental measurements of Fig. 9. Given such ﬂuctuating
behavior, Fig. 9 indicates that the simulation outcome, especially for
those measurements with a 10% vapor threshold is within the experi-
mental results domain, and our methodology can predict the cavitation
regime inside the nozzle with tolerable accuracy.
4.2. Results for Spray C and Spray D injectors
In this part, we examine the presented method for two diﬀerent
injectors from the ECN database, i.e. Spray C with a cylindrical nozzle
and small edge rounding as well as Spray D with =k 1.5 and a high
edge rounding value. As estimated before, an attached cavitation re-
gime appears in the Spray C injector, but there is no cavitation area
inside the Spray D injector. The pressure distribution inside the Spray C
injector as well as the illustration of the cavitation area are presented in
Fig. 10.
Unlike the Spray C injector, because of the shape conicity and also
the higher edge rounding, the pressure ﬁeld inside the nozzle of Spray D
follows the geometry change and remains greater than the fuels sa-
turation pressure. Fig. 11 shows that, depending on the presence of the
sharper entrance edge as well as the cylindrical hole in the Spray C
injector, the pressure across the axis moves toward the saturation
pressure of the fuel during working conditions, and cavitation occurs
next to the wall behind the nozzle entrance. This attached cavitation
cloud continues across the nozzle wall, and ﬂow detachment at the hole
entrance is maintained until close to the injector outlet in which the
pressure is recovered and increased. The eﬀect of serious change in the
pressure ﬁeld of the Spray C injector throat is apparent on its velocity
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Fig. 6. Comparison of the results for mass ﬂow rate in inlet and outlet sector of Spray C
wedge geometry simulation.
Fig. 7. Flow streamlines, vapor ratio, and pres-
sure distribution inside the nozzle for Pin = 5 bar
@ =t 0.05 s.
Fig. 8. Cavitation inside the injector nozzle for diﬀerent inlet pressures.
Fig. 9. Cavitation length ratio versus outlet mean velocity, experimental results from
[16].
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ﬁeld, as presented in the upper right corner of Fig. 11.
Furthermore, Table 6 compares the results of this study with the
experimental measurements by Payri et al. [30]. The discharge coeﬃ-
cient is deﬁned as:
=C m
A ρdp
̇
2d 0 (14)
in which we use nozzle outlet area, fuel liquid density, inlet/outlet
pressure diﬀerence and mass ﬂow rate to calculate the discharge
coeﬃcient. As per the results in Table 6, the numerical mass ﬂow rate in
the Spray C injector is higher than its experimental counterpart, while
in Spray D, the numerical mass ﬂow rate is lower than test results. The
same behavior was reported by diﬀerent numerical studies from other
contributors in [21]. This disagreement may be associated with the
ECN-recommended geometry akin to neglecting surface roughness,
asymmetric geometry, and manufacturing tolerances. Improving the
assumptions and deﬁning additional tests are two aspects being pursued
by ECN contributors.
4.2.1. Eﬀects of inlet/outlet pressure
Concerning the eﬀect of the pressure diﬀerence on the injector
performance, a series of rail pressures varying from 800 to 1800 bar and
two chamber pressures, i.e. 30 and 60 bar, are used for experimental
tests. Also, as explained before, in these tests and their numerical si-
mulations, ISO4113 is used as the working ﬂuid.
According to the severe physical conditions of the experimental
trials, there are some deviations in the test measurements, speciﬁcally
in such cases with higher rail pressures. For numerical studies, the
mean value of the experimental pressure is used as the inlet pressure,
and simulations are undertaken for the geometry with a fully opened
injector needle. Fig. 12 shows a sample of experimental measurements
for a test with 1600 bar nominal rail pressure and 60 bar chamber
Fig. 10. Simulation results for Spray C geometry: pressure ﬁeld in injector cross section and distribution of cavitation next to the nozzle wall.
Fig. 11. Comparison of results for Spray C and Spray D injectors.
Table 6
Comparison of simulation results for Spray C and D injectors and experimental mea-
surements from ECN database.
Geometry Spray C injector Spray D injector
Parameter Injection rate
(gr s/ )
Discharge
coeﬃcient
(Cd)
Injection rate
(gr s/ )
Discharge
coeﬃcient
(Cd)
Experimental
study
10.07± 0.11 0.66 11.72± 0.15 0.97
Numerical
results
10.51 0.69 10.94 0.91
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pressure. The rail pressure mean value appears as a constant value on
the left hand of the ﬁgure while the simulation results for the injection
rate appear as a constant value on the right side of the graph.
According to the proper geometry of this injector which has been
optimized to suppress cavitation through its high edge rounding and
conical nozzle shape, none of the studies show a cavitation regime in-
side the hole. Fig. 13 presents the results for the pressure and velocity
domains across the form for a case with 1600 bar nominal rail pressure
and 60 bar chamber pressure at =t 0.002 s. The pressure ﬁeld shows
that the amount of pressure in the nozzle is much higher than the sa-
turation pressure; hence this case is suitable to suppress phase changing
in the studied pressure domain.
Fig. 14 shows the results for the injection rate and the discharge
factor in diﬀerent cases. The horizontal axis shows the pressure dif-
ference between the inlet and outlet of the injector. Averaging mea-
surements calculate experimental values in a fully-opened needle re-
gime of the injector. As shown in Fig. 14, the injection rate correlates to
the pressure diﬀerence to the power of 0.4943 which is close to the
Bernoulli theorem inside the injector. Furthermore, the discharge
coeﬃcient is almost steady within the studied pressure domain. This
behavior was expected theoretically along with that of cavitation-free
ﬂow. Subsequently, the numerical results show proper conformity with
the experimental outcomes, verifying our numerical method in an in-
dustrial geometry under real working conditions.
4.3. Eﬀects of nozzle geometry
In the previous parts, the validity of the methodology was examined
with diﬀerent geometries and ﬂow conditions. The role of geometry
was speciﬁed in the Spray C and Spray D analysis. Now to emphasize
the role of nozzle shape on the injector performance, two series of in-
vestigations are deﬁned by using the industrial model as a baseline.
The eﬀect of the nozzle inlet edge on inﬂow behavior is studied by
changing the inlet edge rounding, from 1 up to 50 microns without
changing any other parameters. Results show that the inlet roundings
eﬀect on the mass ﬂow rate and also the formation of cavitation inside
the hole is signiﬁcant. A pressure proﬁle along the axis for diﬀerent
tests is drawn on the left side of Fig. 15. In the cases with low edge
rounding ( ⩽r 20 micron), the pressure in the hole inlet drops at a
dramatic slope, soon reaching the saturation pressure value which
generates a distributed cavitation regime across the nozzle wall. In such
conditions, an attached cavitation zone near the solid wall reduces the
liquid path section. Such a reduction of the liquid path area decreases
the injector mass ﬂow rate and its discharge coeﬃcient. Close to the
outlet section, due to the eﬀect of outlet pressure, ﬂow pressure is re-
covered, and the cavitation zone disappears. However, for the cases
with a smoother edge (r > 30 microns), the slope of the pressure drop
across the axis is more continuous, and the ﬂow shows conformity with
the geometry.
Likewise, the eﬀect of the conicity factor is investigated by deﬁning
six geometries with diﬀerent k factors varying from 0.0 up to 3.0 by
changing the inlet diameter and keeping other parameters unchanged.
As illustrated on the right side of Fig. 15, for conical factors less than or
equal to 1.5, distributed cavitation regimes appeared.
In Fig. 16, the eﬀect of the inlet edge on the injector discharge
coeﬃcient is presented in the left graph. A notable change in the slope
happening around =r 20 microns is because of the role of the cavitation
regime in the nozzles eﬀective ﬂow area. On the right hand, the eﬀect
of the injector conical factor on the nozzle discharge factor is presented.
Similarly, a notable change in the slope happens around =k 1.5 because
of the cavitation regime disappearing when >k 1.5.
4.4. Results for ﬂuid turbulence characteristics
One of the dominant mechanisms in the primary breakup of diesel
sprays is turbulence-induced disintegration which is described in detail
by Schmidt and Corradini [6] as well as Baumgarten [2]. Wu and Faeth
[31] found that if the radial turbulent velocity ﬂuctuations inside the
nozzle become strong enough, turbulent eddies can overcome the sur-
face tension and induce the jet to form primary drops.
Moreover, according to Schmidt and Corradini [6] and Baumgarten
[2], two other possible mechanisms for the primary breakup - the in-
teraction of the surface waves with aerodynamic forces and relaxation
of the velocity proﬁle - are strongly inﬂuenced by emerging ﬂow tur-
bulence.
Tamaki et al. [32] showed that in internal ﬂows with cavitation,
bubbles implode while leaving the nozzle because of the high ambient
pressure inside the cylinder. Implosions of cavitation bubbles inside the
holes increase the turbulence level and thus also intensify the spray
disintegration. Hence, two fundamental breakup mechanisms in high-
pressure full cone jets are turbulence and cavitation. Results for tur-
bulence dissipation of energy (TDE) and turbulence kinetic energy
(TKE) in diﬀerent pressure setups for industrial geometry are presented
in Fig. 17. As described earlier, in this case, there was no sensible ca-
vitation inside the hole, and because of that, the linear growth in TDE
and TKE is predictable due to the increased ﬂow velocity in simulations
Fig. 12. Rail pressure and injection rate for analysis with 1600 bar nominal rail pressure and 60 bar chamber pressure.
Fig. 13. Simulation results for =P 1560inlet bar and =P 60outlet bar @ =t 0.002 s.
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with higher pressure diﬀerences.
Results for TDE and TKE for diﬀerent nozzle edge radius and dif-
ferent nozzle conical factor are illustrated in Fig. 18. As presented on
the left side, in geometries with lower edge rounding, because of ca-
vitation forming as well as a strong rotation of the ﬂow in the hole
entrance, TDE and TKE are signiﬁcantly high.
In geometries with edge rounding greater than 20 microns with no
cavitation inside the nozzle, the gradients of these graphs are smoother.
Also, the study of the k factors eﬀect shows similar behavior in cases
with lower conicity which are subject to cavitation. As shown on the
right side of Fig. 18, for geometries with conicity factors higher than
1.5, turbulence properties show a small variation with an increase of
the k factor. These results clearly show the turbulence level reduction
related to the nozzle shape shift from cylindrical to conical as well as
switching from the sharp entrance edge to the rounded one.
The availability of the turbulence properties at the nozzle outlet will
help us initiate turbulence-induced breakup models to complete the
assessment.
5. Conclusion
Although the numerical methodology applied in this study has been
extensively validated in the past, an assessment of the presented
Fig. 14. Results for the injection rate and discharge coeﬃcient in diﬀerent pressure setup.
Fig. 15. Results for study on the eﬀect of nozzle geometry. The left graph shows pressure along the nozzle axis for diﬀerent types of edge rounding. The right graph presents the same data
for diﬀerent k factors.
Fig. 16. The eﬀect of nozzle geometry on the injector discharge factor. The left graph illustrates the calculated discharge factor for diﬀerent types of edge rounding. The right graph
displays the same data for diﬀerent nozzle k factors.
Fig. 17. Average TDE and TKE values at the nozzle outlet versus the inlet/outlet pressure
diﬀerence.
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methods validity in diﬀerent studies indicates that the current HEM
method provides relatively fast and reliable results for simulating ﬂow
behavior under realistic geometries and working conditions.
Investigations on the eﬀects of nozzle geometry show that the eﬀect of
conicity on the pressure ﬁeld and the development of cavitation is
dominant. Moreover, entrance edge rounding has a signiﬁcant role in
suppressing cavitation inside the tube. The eﬀects of these two para-
meters are speciﬁed by checking the function of the nozzle edge radius
and the conical factor on the injector discharge factor and ﬁnding cri-
tical values for these parameters in the studied geometries. Likewise,
the eﬀect of inlet pressure and hole geometry on turbulence char-
acteristics of the emerging ﬂow is analyzed.
In future works, these results may be used to couple internal ﬂow
simulation with spray simulation to complete the investigation of the
inﬂuence of nozzle shape and injection pressure on spray character-
istics. The outcomes are useful for further research and development
processes of this type of injector; besides, this methodology could be
applied to other geometries.
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